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Graphene is now the most attractive carbon-based material. Integration of 2D graphene sheets into 
macroscopic architectures such as fibers illuminates the direction to translate the excellent properties of 
individual graphene into advanced hierarchical ensembles for promising applications in new 
graphene-based nanodevices. However, the lack of effective, low-cost and convenient assembly strategy has 
blocked its further development. Herein, we demonstrate that neat and macroscopic graphene fibers with 
high mechanical strength and electrical conductivity can be fluidly spun from the common graphene oxide 
(GO) suspensions in large scale followed with chemical reduction. The curliness-fold formation mechanism 
of GO fiber has been proposed. This wet- spinning technique presented here facilitates the 
multifunctionalization of macroscopic graphene-based fibers with various organic or inorganic 
components by an easy-handle in situ or post- synthesis approach, which builds the solid foundation to 
access a new family of advanced composite materials for the next practical applications. 

Graphene, a two-dimension (2D) monolayer of sp 2 -hybridized carbon atoms tightly packed into a hon- 
eycomb lattice 1 , the fundamental building block of all the graphitic materials, has attracted persistent 
attention. The intriguing electronic, thermal, and mechanic properties 2 " 3 mainly arise from its truly 
atomic thickness and strictly 2D structure, and therefore bring about the greatly promising applications in 
electronic and energy storage devices 4 " 5 , sensors 6 " 7 , catalysis 8 " 9 , composites 10 and so on. 

Nowadays, translation of the individual property of the graphene sheets into the macroscopic, ordered materi- 
als is without doubt an extraordinarily hot and useful topic in view of exploring advanced properties of 2D 
graphene sheets for practical applications. Fruitful progresses have demonstrated that graphene sheets can be 
assembled into 2D macroscopic thin films 11 " 15 , and 3D composites with polymers 16 " 18 or hydrogel- structured 
monoliths 19 " 22 via various methods and techniques. However, in most cases, the limited dispersibility of graphene 
sheets in common solvents hinders the development of the direct assembly of graphene sheets. 

Alternatively, graphene oxide (GO) with abundant of oxygen functional groups on its basal planes and edges is 
accessible to be completely exfoliated and form colloidal dispersions of single sheets in water and other polar 
organic solvents. The advantages of GO, such as good solubility, easy handle, and scalable production with low 
cost improve the chances in assembling 2D sheets into macroscopic graphene-based architectures. Even though, 
very few reports have been made on the macroscopically finely- assembled graphene fibers with high concentrated 
liquid crystalline graphene oxide 23 , or by a complex dimensionally- confined hydro thermal strategy 24 , mainly due 
to the asymmetric sizes and irregular shapes of graphene sheets, as well as the lack of the effective assembly 
method. In comparison, macroscopic fibers of carbon nanotubes have been well assembled through wet spinning 
of single-walled nanotubes 25 " 27 and dry-state spinning of multi-walled nanotubes 28 " 30 . However, it can not be 
ignored that accompanying with the excellent properties of the assemblies, the high costs of the superaligned 
carbon tube arrays or strict conditions have to be involved into assembling these neat carbon-nanotube fibers. 
Based on this point, without weakening properties of the as-products, but solving the disadvantages for assembly 
of carbon tubes, it is urgent to develop an effective, easy-handle and fast method to assemble the alter- 
native graphene sheets into macroscopic fibers in a controllable, uniform and large-scale manner for potential 
applications. 

Herein, we report a facile fluid assembly approach to produce macroscopic, neat and large-scale graphene 
fibers by processing GO solutions via a simple and effective wet-spinning technique followed with the chemical 
reduction. Furthermore, for the fist time, we clarified the assembly mechanism of the GO sheets into macroscopic 
fibers by spinning of the GO dispersion in a coagulation bath of the hexadecyltrimethyl ammonium bro- 
mide (CTAB) solution with a low concentration. The as-prepared graphene fibers were possessed with good 
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Figure 1 | Preparation and microstructures of macroscopic GO fibers. Photographs of (a) 50 cm-long fiber drawn out from the CTAB solution by wet 
spinning of the 10 mg/mL GO dopes in a coagulation bath of 0.5 mg/mL CTAB solution; (b) — 1.6 m-long fiber wound on a Teflon rod with a diameter 
of 8 mm; (c) the dry and wet fibers; (d) the fiber coil; (e) spring-like fiber by spreading out of coil in (d). (f, g) SEM images of the axial outer surface with 
different magnifications, (h-k) SEM images of the end of the broken part the fiber with different magnifications. 



mechanical strength (—182 MPa), high electronic conductivity (—35 
S/cm), and flexible multi-functionality just by in situ or post-synthesis 
integration of various functional nanomaterials into GO fibers. 

Results 

Wet-spinning of macroscopic GO fibers. The initially prepared GO 
dopes are well dispersed and composed of the thin GO nanosheets 
with a thickness of — 0.7 nm as presented in the AFM image and the 
corresponding height profile (see Supplementary Fig. SI online). 
Then, for continuously producing neat GO fibers, the aqueous GO 
suspensions of 10 mg/mL are injected into the coagulation bath of 
0.5 mg/mL CTAB solution by using a simple double-jet pump, from 
which two pieces of GO fibers are spouted out simultaneously (see 
Supplementary Fig. S2 online). It is a facile and viable strategy to 
fluidly spin the macroscopic GO fiber in a continuous and large-scale 
way. After injecting GO dopes into the coagulation bath, a — 1.6 
meter-long GO fiber can be drawn out from the coagulation solution 
and wound on a Teflon rod directly, as shown in the photographs 
(Fig. la and lb). Drawn from the solution, the dried fiber holds 
the same length as in its wet state, but with a significantly shrank 
diameter (Fig. lc). After taking out of the dry fiber from the Teflon rod 
directly, the GO fiber coil can be pulled out to a perfect GO spring 
(Fig. Id and le). Carried with a tweezers along the axial direction, the 
obtained GO spring still keeps its nice and stable state, disclosing its 
well stretchable and robust property (see Supplementary Fig. S3a 
online). Interestingly, the prepared dry GO fibers can be used as the 
threads to knit with a needle, shown from the knitted pattern of 
"USTC" letters in a cotton textile (see Supplementary Fig. S3b online). 



Motivated by the attractive properties of the macroscopic GO 
fibers, SEM measurements are carried out detailedly to open out 
the characteristics of the microstructures (Fig. If- lk). SEM image 
(Fig. If) shows the high-order alignment of the densely- stacked GO 
sheets along the long axis. The thin GO nanosheets with abundant 
crumbled structures are observed from the outer surface of GO fiber, 
beneficial to the flexible property of the macroscopic fiber 23 . The 
SEM image of the end of the broken part (Fig. lh) well verifies the 
assembly structures parallel to the axial direction. Furthermore, uni- 
formly layered structures of the thin GO sheets are obviously 
revealed from the magnified SEM images of the end of the GO fiber 
(Fig. li-lk). From above analysis, it can be concluded that the 
ordered layered GO thin sheets are assembled to form the mac- 
roscopic fiber in a parallel-to-axis alignment. 

Herein, one convenient advantage followed with the wet spinning 
technique is that the diameter of the macroscopic fiber can be con- 
trolled by changing the size of the nozzle or the concentration of the 
GO dope. The photograph shows the increasing trends of the dia- 
meters of the GO fibers in the coagulation solution with the sizes of 
the nozzles from 0.11, 0.26, 0.41, to 0.6 mm (see Supplementary Fig. 
S4a online). SEM images reveal the effectively tunable diameters of 
the GO fibers of 27, 45, 53 and 120 |am, corresponding to the con- 
centrations of the GO dopes of 5, 8, 10, 22 mg/mL, respectively (see 
Supplementary Fig. S4b-S4e online). 

Characterization and properties of chemically reduced graphene 
fibers. In order to get macroscopic graphene fibers, GO fibers are 
directly processed by the chemical reduction using hydroiodic acid as 
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Figure 2 | Flexibility, mechanical and electrical properties of graphene fibers. SEM images of (a) the end of the twisted fiber; (b) the middle of the 
twisted fiber; (c) the end of the folded fiber, (d) Typical strain-stress curves of the single GO and graphene fiber. The inset photograph showing the testing 
state of the single fiber, (e) Typical I-V curve of the single graphene fiber with the length of 13.5 cm. The inset shows the lighted LED lamp using the 
prepared graphene fiber as the leads. 



reducing agent 31 . As shown in the SEM images, the graphene fiber 
remains the order alignment of the curved thin sheets directional to 
the long axis (see Supplementary Fig. S5 online). However, the 
diameter of the reduced GO fiber decreases from 53 |im of GO 
fiber to 43 |im arising from the removal of oxygen-containing 
groups of GO 31 . High effectiveness of the reduction of the GO fiber 
to graphene fiber is confirmed by the Raman spectra (see Sup- 
plementary Fig. S6a and S6c online). The value of the intensity 
ratio of the characteristic D band (1353 cm" 1 ) and G band 
(1589 cm" 1 ) (Id/Ig) of the graphene fiber, indicative as the degree 
of disorder and the average size of the sp 2 domains, increases to 1.1 in 
comparison with that of GO fiber of 0.9 32 . In addition, the 2D band 
at 2683 cm" 1 in Raman spectra is strengthened after reduction, 
revealing the restoration of sp 2 carbon and the decrease of sp 3 
carbon defects. 

The obtained graphene fiber exhibits the intriguing flexibility and 
good resistance to torsion as shown from the SEM images (Fig. 2a- 
2c). Twisting or folding has no damage to the graphene fibers. 
The tensile strength and Young's modulus of the individual GO 
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Figure 3 | XRD patterns of GO and graphene fibers. 
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fiber displaced between two clamps are measured to 145 MPa and 
4.2 GPa, respectively, and the corresponding elongation of which is 
about 4.0% (Fig. 2d). After reduced to graphene fiber, the tensile 
strength and Young's modulus have enhanced to 182 MPa and 
8.7 GPa, respectively, due to the stronger interactions between the 
more compact stacks of the reduced GO sheets 23 . The tensile strength 
of the graphene fiber is higher than that of the neat wet-spinning 
single-walled carbon tube fibers (50-150 MPa) 26 " 27 , owing to the 
high- order alignment and stretchable property of the thin sheets with 
the crumbled structures. The good electrical conductivity of ~ 35 
S/cm of the graphene fiber is measured by the I-V curve (Fig. 2e), 
higher than the hydrothermally fabricated graphene fiber (10 
S/cm). Using the prepared graphene fiber as the leads, the LED 
lamp can be lighted, as shown in the inset photograph of Fig. 2e. 
We expect that these macroscopic flexible graphene fibers with high 
mechanical strength and electrical conductivity can be woven into 
various objects alone or with other commercial threads together for 
the promising applications, such as blocking electromagnetic 



Assembly mechanism of macroscopic GO fibers. In our wet- 
spinning method, CTAB solution is chosen as the coagulation bath 
due to its positive charge which may play a surprising role in the 
assembly of the negative-charged GO suspension. XRD pattern of 
GO fibers in Fig. 3 shows a sharp diffraction peak at 20 position of 
5.07°, corresponding to the interlayer spacing of 15.29 A. Compared 
with the interlayer spacing of the ordered GO assemblies reported in 
the literatures (8-9 A) 23,31 , the much larger value herein reveals the 
lamellar structures involving in the electrostatic interactions between 
CTAB molecules and GO sheets during the formation of GO fibers. 
After reduced to graphene fibers, CTAB molecules are removed from 
the fibers due to the significant decrease of electrostatic attractions 
followed with GO reduced to graphene sheets, which is reflected 
from the small interlayer spacing of 3.93 A (20 = 21.98 ) for the 
XRD pattern of graphene fibers. 

Meanwhile, the assembly process of the macroscopic GO fiber is 
vividly detected at the low CTAB concentration of 0.05 mg/mL. The 
low-magnified SEM image in Fig. 4Aa shows an unripe GO fiber with 
several sections just because of not high enough concentration of 
CTAB, strongly revealing the evolution process of the formation of 
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Figure 4 | Formation mechanism of the GO fiber. (A) SEM images illustrating the assembly process of the GO fiber by spinning 10 mg/mL of GO dopes 
into CTAB coagulation solution of 0.05 mg/mL. (a) A single GO fiber, (b-e) Magnified SEM images corresponding to the different parts of the single fiber of 
(a). (B) Schematic illustration of the typical apparatus of wet-spinning GO fibers. (C) Schematic illustration of the assembly mechanism of the GO fiber. 



GO fiber. Careful observations through high magnifications of SEM 
images are made on the four distinctive sections of the same GO fiber 
marked with the rectangular frames (Fig. 4Ab-4Ae). At the begin- 
ning of the GO dopes injected into the coagulation bath, a multilayer 
film of GO sheets with a diameter of about 245 |im is produced, 
owing to the strong repulsions between the negative-charged GO 
sheets (stage I). Due to the charge neutralizations between CTAB 
and GO, the weakened electrostatic repulsions make the edges of GO 
film curling and folding towards the center, resulting in a direction - 
ally- aligned belt in a 130 |im diameter (stage II). Following with 
repeated cycles of curliness and fold arising from the further neu- 
tralizations of the electrostatic repulsions between GO sheets, the 
diameter of the GO is reduced gradually up to form a neat GO fiber 



with the high- order alignment along the main axis (stage III and 
IV). 

From above analysis based on the XRD and SEM observations, 
CTAB plays a crucial role in the evolution process of the GO fiber. 
Compared with the GO powder, the FT-IR spectrum of the as-fab- 
ricated GO fiber exhibits a group of bands at 2960, 2920, 2845, 1285, 
and 720 cm" 1 , corresponding to u as -CH 3 , u as -CH 2 , u s -CH 2 , u-(C-N) 
and y-(C-C) of the characteristic bands of CTAB, respectively (see 
Supplementary Fig. S7a online). Furthermore, the XPS spectrum of 
the GO fiber shows the Nls peak at 402 eV with the content of 2.94 
at.% (see Supplementary Fig. S7b online). These data confirm the 
incorporation of CTAB into the final GO fiber resulting from the 
electrostatic attractions during the assembly process. 




Temperature (°C) Temperature (°C) 

Figure 5 | Multifunctionalization of the macroscopic graphene-based fibers. Photographs of (a) a GO/epoxy resin fiber supporting a GO spring; (b) a 
spring with two halves, one the GO/epoxy resin fiber, the other GO fiber. The GO/epoxy resin fiber was prepared by soaking the GO fiber of 10 mg/mL 
into epoxy resin solution followed with thermal solidification, (c) Curve of resistance change with temperature of a single graphene fiber, (d) R-T curves 
of a single graphene/PNIPAM composite fiber by wet-spinning of GO-PNIPAM dopes followed with chemical reduction (GO suspensions of 5 mg/mL, 
the weight ratio of GO and PNIPAM of 1:1). Two kinds of molecular weights of PNIPAM were used (16 kDa and 6.6 kDa). 
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Multifunctionalization of macroscopic graphene-based fibers. 

Another attractive advantage of the wet- spinning technique men- 
tioned here is that it is well -suited to fabricate the functionalized 
graphene-based fibers combined with the in- situ or post- synthesis 
strategy. Herein, the flexible GO fiber can be easily processed into the 
rigid one. If the pre-fabricated GO fiber is soaked with the epoxy 
resin solution followed with thermal solidification, the fiber with 
good rigidity can be obtained, as shown from a GO/epoxy resin 
fiber supporting the GO spring in the photograph of Fig. 5a. 
Furthermore, it is convenient to get the GO/epoxy resin fibers with 
changeful configurations just dipping the pre -designed GO fibers 
into the epoxy resin solution. The photograph of Fig. 5b displays a 
piece of spring with two halves, one half the rigid GO/epoxy 
resin fiber and the other the flexible GO fiber. The low-magnified 
SEM images (see Supplementary Fig. S8a and S8b online) show the 
slippery surface of the GO/epoxy resin fiber with an increased dia- 
meter of ~ 120 um. Furthermore, the lamellar structures of epoxy 
resin and GO sheets are observed from the magnified SEM images of 
the cross section of the broken GO/epoxy resin fiber, well revealing 
the incorporation of epoxy resin into the inner of GO fiber, not only 
the coverage outside of the surfaces. Due to the thick incorporation of 
epoxy resin in the inner and outer of GO fiber, a wide diffraction peak 
centered at 17.9° is shown in the XRD pattern (see Supplementary 
Fig. S9a online). The high Young's modulus of 6.73 GPa and the low 
elongation strain of 1.24% reveal the rigid characteristic of the GO/ 
epoxy resin fiber (see Supplementary Fig. S9b online). 

The facile manipulation to functionalize the GO fibers is not only 
limited to the pre-prepared fibers. Taking the typically thermosensi- 
tive polymer, poly(N-isopropylacrylamide) (PNIPAM), for an 
example, the GO/PNIPAM fiber keeps an ordered alignment along 
the long axis (see Supplementary Fig. SlOa and SI Ob online), when 
dissolving PNIPAM powders into the GO dopes of 5 mg/mL with 
the weight ratio of 1 : 1 followed with the typical wet-spinning process. 
The diameter of the GO/PNIPAM fiber is increased to 55 um arising 
from the successful incorporation of the PNIPAM polymer into the 
fibers, compared with that of the GO fiber of 27 um with the identical 
concentration mentioned above. Furthermore, the FT-IR spectra of 
the single GO and GO/PNIPAM fiber confirm the existence of the 
polymer in the fiber, as reflected from the characteristic bands 
belonging to PNIPAM (see Supplementary Fig. Sll online) 33 . After 
treated with HI, the GO/PNIPAM fiber is reduced to graphene/ 
PNIPAM fiber as shown from the improved value of I d /Ig an d the 
existence of 2D band of the Raman spectra (see Supplementary Fig. 
S6b and S6d online). The reduced fiber holds the aligned structure 
with a decreased diameter of 47 um (see Supplementary Fig. SlOc and 
SlOd online). 

Interestingly, the distinctively thermosensitive property is pos- 
sessed with the graphene/PNIPAM fiber originating from the integ- 
ration of PNIPAM into the graphene fiber. As shown in Fig. 5c, the 
resistance of the graphene fiber is decreased linearly with the rise 
of the temperature in the range of 20-80°C. As to the resistance- 
temperature (R-T) curves of the graphene/PNIPAM fibers in Fig. 5d, 
the resistance is initially increased with the higher temperature due to 
the shrinkage of the diameter of the fiber arising from the continuous 
phase transition of PNIPAM above the critical temperature, known 
as the lower critical solution temperature (LCST) 34 . After finishing 
the phase transition of PNIPAM, the resistance of the fiber with 
the improved temperature has a descending trend coming of the 
characteristic of the graphene fiber. Thus, it can be seen that the 
resistance of the composite fiber is affected by two opposite actions 
with the rising temperatures: the phase transition-induced increase 
by PNIPAM and the nature decrease by graphene. In the first stage, 
the former plays the dominant role and the reverse for the second 
stage. Therefore, the R-T curves of graphene/PNIPAM fibers with 
different molecular weights (MW) show the similar trends. However, 
the change of the resistance of the graphene/PNIPAM fiber with low 



MW is not as sharp as that of the high MW PNIPAM due to the 
broader range of the phase transition of the low MW PNIPAM 35 . The 
tunable thermo-responses of the interesting graphene/PNIPAM fibers 
indicate the promising applications for the thermosensitive devices. 

Not only various polymers, but also inorganic nanomaterials can 
be integrated into GO fibers conveniently, resulting in the enhanced 
properties or new functionalities for macroscopic fibers. Just as 
shown from the SEM images (see Supplementary Fig. S12a and 
SI 2b online), the multi- walled carbon nanotubes (MWCNTs) have 
spun with the GO dopes simultaneously with the weight ratio of GO 
and MWCNTs of 2:1, exhibiting the ordered multilayered structures 
between GO sheets and MWCNTs. Importantly, the tensile strength 
of the obtained GO/MWCNTs fiber can be adjusted by changing 
the weight ratio of GO and MWCNTs. With the integration of 
MWCNTs into the GO fibers, the mechanical strengths are enhanced 
to 180 and 220 MPa, corresponding to the weight ratio of GO and 
MWCNTs of 3:1 and 2:1, respectively. However, too high amount of 
MWCNTs incorporated damages the mechanical property of the 
macroscopic fibers arising from the less -efficiency assembly of 
GO fibers, reflected from the typical stress-strain curve (see 
Supplementary Fig. SI 2c online). From these vivid examples of func- 
tionalization, it is reasonable to believe that various organic or inor- 
ganic materials with novel morphology and specific functionalities 
can be engineered into the macroscopic graphene-based fibers with 
high mechanical strength and electrical conductivity for diverse 
practical applications. 

Discussion 

According to the characterizations of the microstructures and com- 
ponents referred in the evolution process of the GO fibers, the forma- 
tion mechanism of the macroscopic fiber is described by schematic 
illustrations as shown in Fig. 4B and Fig. 4C. Since the GO dopes 
injected into the positive- charged CTAB solution, as sketched in 
Fig. 4B, the electrostatic interaction -induced assembly between GO 
nanosheets and CTAB molecules occurs quickly. Initially, a piece of 
the GO thin film spreads out in the coagulation solution mainly due 
to the electrostatic repulsions between the negative charges that GO 
contains. Then, owing to the charge neutralization, the CTAB mole- 
cules continuously adsorbed on the thin film make the repulsions 
between GO sheets weakened. Thus, the formed thin film starts to 
curl from the two edges towards the center. More and more adsorp- 
tions of CTAB result in the significant curliness of the two edges in a 
respectively folio way. Following with repeated curling-folding pro- 
cess of the thin film, the neat GO fibers are produced, with CTAB 
molecules incorporated into the GO sheets, forming hierarchically 
lamellar structure. In this way, the positive- charged CTAB as the 
coagulation solution induces the assembly of the macroscopic GO 
fiber in a high-order manner. 

In summary, the neat, flexible, and macroscopic graphene fibers 
have been continuously fabricated by a convenient wet-spinning 
technique followed with the highly- efficient chemical reduction in 
large scale. We firstly expose the curliness-fold mechanism for the 
assembly of the GO fiber under the electrostatic interactions of the 
opposite charges. The facile integration of various functional guest 
materials into the graphene host endows the graphene-based fibers 
with the hierarchical microstructures and the new or enhanced prop- 
erties, which lays the solid foundations for exploring the potential 
applications in the fields of high-performance sensors, energy 
storages and catalysts etc. 

Methods 

Preparation of GO and graphene fibers. GO sheets were prepared by the chemical 
oxidation of graphite flakes (Sigma-Aldrich) according to the modified Hummers 
method reported previously 36 . In a typical fabrication of GO fiber, the 10 mg/mL of 
the degassed GO dopes were loaded in the plastic syringe and injected into the CTAB 
coagulation bath of 0.5 mg/mL with the injection pump. The obtained GO fibers were 
washed, and then dried at room temperature after taking out from the solution. 
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Hydroiodic acid (40 %) was used to reduce GO fiber to graphene fiber at 80°C 
overnight. 

Preparation of GO/epoxy resin fibers. The pre-fabricated GO fibers were soaked 
into the epoxy resin acetone solution with the weight ratio of epoxy resin and 4, 4'- 
Diaminodiphenylmethane of 2:1 for 8 h. Then, the fibers were taken out, transferred 
in a Teflon plate and placed in an oven to solidify at 100°C for 2 h and 150°C for 2 h. 

Preparation of GO/PNIPAM fibers. PNIPAM powder was dissolved into the GO 
suspension of 5 mg/mL with the weight ratio of 1:1 under stirring. After degassed, the 
GO/PNIPAM fibers were prepared by the wet- spinning method mentioned above. 
The graphene/ PNIPAM fibers were prepared by the chemical reduction with HI 
(40%) at room temperature for 24 h. 

Preparation of GO/MWCNTs fibers. The commercial MWNCTs pre-treated with 
nitric acid 37 were mixed with GO dopes with the weight ratio of GO and MWCNTs of 
2:1 under stirring overnight. And then, the degassed GO-MWCNTs dopes were spun 
by the similar procedure mentioned above. 

Instruments. Scanning electron microscope (SEM) images were performed on a field 
emission scanning electron microanalyzer (Zeiss Supra 40) at an acceleration voltage 
of 5 kV. Atomic force microscope (AFM) image was carried out on a Multimode V 
(VEECO) under contact mode. Raman spectra were conducted on a confocal laser 
microRaman spectrometer (LABRAM-HR, JY Co.) FTIR spectra were recorded on a 
Bruker Vector-22 FTIR spectrometer from 4000-400 cm -1 . X-ray photoelectron 
spectrum (XPS) was tested on an ESCALab MKII X-ray photoelectron spectrometer 
using Mg Ka radiation exciting source. The tensile stress-strain test for the single fiber 
was measured by using Instron 5565A. The electrical conductivity of the single 
graphene-based fiber was measured by a two-probe method with PM5 Analytical 
Probe System (Cascade Microtech, Inc.) and Keithley 4200 SCS. For testing the GO/ 
PNIPAM fiber, the single fiber was connected with two pieces of the copper wires with 
silver paste (Dupont 4929N) and soaked in heated ultrapurified water (18.2 MQ). 
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